Introduction
Shape characterization and classification is a very broad topic that is of great interest across a wide range of scientific and engineering disciplines. Notably, it has extensive applications to medical imaging. In particular, there is much interest in the role of shape in forecasting the likelihood that small solid-type pulmonary nodules detected on CT will become malignant growths [1] [2] [3] .
In addition to clinical factors such as age, smoking history, gender, lesion location [4] , and radiological nodule characteristics such as texture, size/growth rate [5, 6] , and positron emission tomography standard uptake values [7] , surface morphology and more generally shape have been identified as important independent predictors of malignant potential for solid lung nodules observed on CT [8] [9] [10] [11] [12] [13] . Additionally, shape is useful for lung nodule detection and segmentation from blood vessels and chest wall [14] [15] [16] [17] [18] , and has also been shown to affect nodule size calculation variability [19, 20] . Shape is also well known for helping to predict the behavior of breast lesions seen on mammography, ultrasound, and MRI [21] [22] [23] .
There exist countless metrics of shape, the most popular falling into the categories of statistical moments, Fourier descriptors, or curvature measures [24] . These approaches, though broad, are united by their reliance on image geometric properties directly. Hence, they typically require significant intuition about which features will permit appropriate segmentation into the desired classes.
In the present work, I propose a novel approach to automated shape prediction, which I call Normal Mode Analysis Shape Detection (NMA-SD). The method connects an important tool from physical chemistry and structural biology (normal mode analysis) to image analysis by making the analogy of voxels to atoms in a molecule. Because they are not real atoms, and the nodule is not a real molecule, we denote the voxels as pseudoatoms and the nodules/shapes as pseudomolecules. We then apply normal mode analysis (NMA) to the pseudomolecules to yield the major motions that the nodule would undergo were it a molecule. By analyzing these motions, we can work backward to predict the nodule's shape, since this shape determines the aforementioned motions.
Such an approach has the advantage of enabling users to visualize the object's internal movements and develop an intuition for which motions are important, and which geometric features give rise to them. In this manner, it can help to identify appropriate classification features to distinguish among classes of interest.
As a proof-of-principle, I apply NMA to simulated nodules represented by pseudomolecules. The three shape types studied represent the broadest classifications of lung nodule morphology: smooth-which subdivides into circular and elliptical, and irregular, characterized chiefly by the presence of surface lobulations and spiculations [8] .
Methods
We begin by generating N draw =10 training and testing nodules for each of shape types circular, elliptical, and irregular. Matlab's imfreehand function enables tracing out approximate shapes from exact circles/ellipses. These shapes, within a class, are qualitatively similar to one another but not equivalent, due to the expected variations of drawing said shapes (Fig. 1 ). In the case of irregular morphology, we have generated nodules with different numbers and sizes of lobulations/ spiculations. All shapes are then rotated by random angles. The aforementioned process yields a set of 30 training and 30 testing nodules.
Binary matrices represent the nodules, and we may assign their nonzero interior and surface pixels (row, column) positions to a corresponding set of (x, y) coordinates. We situate nodule image matrices in 3-dimensional space by assigning z values identically to zero.
At this point we recast the notion of pixels/voxels in a binary nodule image matrix into that of "atoms" in a "molecule", or as we will denote them pseudoatoms in a pseudomolecule. We seek to envision the pseudomolecule's natural internal motions, consisting largely of the vibrations of pseudobonds that connect adjacent pseudoatoms. In order to do so, we employ NMA, a fundamental approach for predicting molecular motion.
The normal workflow of NMA is using a molecular structure to predict important motions. In our case, the nodule is not expected to actually move in any significant way. Hence, the movements predicted are not themselves biologically significant. However, they permit us to identify important aspects of the underlying shape, since it is this shape that gave rise to the predicted motions.
Briefly, given a pseudomolecule containing N pseudoatoms, there are 3N so-called degrees of freedom, representing the fact that each pseudoatom can move in three directions. Denoting the set of these degrees of freedom by {r i } i=1 3N , it can be shown that for small displacements of the r i 's from their equilibrium (lowest energy) positions {r i 0 } i=1 3N , the expected energy function is quadratic in form. When this is true, it can be shown that the pseudoatoms move according to the equation
where ω k is the angular frequency of normal mode k, and a ik is degree of freedom i's contribution to the motion of normal mode k [25] . We may calculate a k ={a ik } i=1 3N as the k th eigenvector of the Hessian matrix, which has elements
) is the pseudomolecule's potential energy and the zero subscript denotes definition about the equilibrium pseudomolecular configuration. Following the Tirion model [26] , for small displacements, we may estimate the terms of the potential energy V ij by pairwise Hookean potentials between connected pseudoatoms:
where ‖r ij ‖=‖r i −r j ‖ is the distance between connected pseudoatom pairs i and j, and ‖r ij 0 ‖ is the equilibrium value of this distance. The full potential energy in the Elastic Network Model Normal Mode Analysis formulation (ENM-NMA) is then given by
where D ij =Φ(D−‖r ij 0 ‖), Φ being the Heaviside step function and D a distance cutoff below which each pair of pseudoatoms is connected by a pseudobond. D is chosen to reflect the level of pseudomolecular detail that should translate into the motion. It is typically chosen so as to connect adjacent pseudoatoms while leaving out long-range pseudobonds that might artificially constrain the motion [26, 27] . I have chosen D=6 to suit the system studied here.
I have implemented the above approach via the program Modehunter (http://modehunter.biomachina.org) [28] . Doing so yields 3N normal modes of motion. However, three of these are the trivial center-of-mass translations, while three others are trivial center-of-mass rotations, leaving 3N−6 nontrivial modes that represent internal vibrational movement. These modes appear as output in order of decreasing normal mode frequency, so that the 7th (first nontrivial) mode corresponds to the dominant, highest amplitude/lowestfrequency internal motion. Each subsequent mode represents increasingly high frequency, lower amplitude, finer movements that factor (to a decreasing degree) into the overall predicted molecular motion.
Before proceeding with NMA, we confer upon nodule pseudomolecules nonzero thickness by stacking together nodule image copies above and below at z=+1, −1, respectively, thereby yielding three-dimensional nodule pseudomolecules with widths of three pseudoatoms. Doing so provides a degree of steric hindrance to motions along the z-axis (and thus prevents unbounded motions along z) while still reflecting the overall shape of the two-dimensional nodular slices.
The intuitive idea behind our approach is that different structures should lead to different motions because of their varying shapes/pseudoatom connectivities. One would expect smaller differences in structure (such as the lobulations/ spiculations in irregular nodules) to manifest at the higherfrequency modes. At these modes, the movements of smaller structural components factor more than the global dominant motions of the lower frequency modes.
The circular and elliptical nodules represent two ends of a spectrum. Due to their geometry, the circular nodules vibrate predominantly along the z-direction due to the extensive steric hindrance that motion along the xy plane would entail (Fig. 2) . The long, slender elliptical nodules have less steric impairment along xy due to their rod-like shape and are thus able to bend about the z-axis in the xy plane and exhibit more complex twisting motions with large xy components at many of the higher modes (Fig. 3) . This points to a simple way to distinguish between the two shapes, namely the degree to which they sample the xy plane.
The irregular shapes are a kind of intermediate, with a compact, circular core, yet featuring lobulations/spiculations that protrude outward. The latter peninsulas can be thought of as small ellipses that can swing in the xy plane, thereby imparting an intermediate predilection for motion along said plane (Fig. 4) . As suggested above, this peninsular motion manifests at the intermediate/higher frequencies of modes 11-25. We therefore expect the average, per-pseudoatom projection along xy for these intermediate normal modes to follow the trend: elliptical>irregular>circular.
In order to examine the aforementioned xy plane sampling more formally, we compute the projection of pseudoatom i along the xy plane via
where v i is the normal mode vector for pseudoatom i and b k is the unit normal vector to the xy plane, i.e., in the z-direction [29] . Then to obtain the summed projection along xy scaled by pseudomolecular size, we add up the projections for every pseudoatom in the pseudomolecule and divide by the number of pseudoatoms: Finally, we compute an average projection 〈proj〉 over the moderately high-frequency modes 11-25. Doing so for every pseudomolecule, we observe the expected trend mentioned above (Fig. 5) .
Results
I have constructed a classifier to predict shape type based on the binary nodule image. Using a k-nearest neighbor classifier with neighborhood size of N draw =10, the model correctly predicts the shape of 29 testing set nodules, for an accuracy of roughly 96.7 %.
Conclusions
The present work shows that it is possible to classify shapes based on the predicted motion of the corresponding pseudomolecules. It should be noted that lung nodules are not expected to actually move significantly, so that their pseudomolecular motion does not directly predict anything biologically or medically. As shown here, however, The present work examines three important and general shapes that are of particular relevance in the study of solid lung nodules: circular, elliptical, and irregular. However, the principles illustrated should apply to any of a range of twoand three-dimensional shapes.
In the present work, I have applied NMA-SD to twodimensional nodule slices, which is particularly useful because radiologists typically scroll through two-dimensional axial planes for chest CT. Most of the quantitative tools that radiologists use to inform their interpretation of such images (for instance measuring Hounsfield Units) are applied to the two-dimensional image slices. Though I have applied NMA-SD to two-dimensional nodule slices, these slices are of nonzero thickness, so that they exist and move in three-dimensional space, as they need to in order for NMA to work properly. Thus, the method is directly applicable to three-dimensional image representations. In the work presented here, a very simple measure of motion successfully partitions the three shape types into classes. However, one can imagine using many other metrics, such as the distribution of motion vectors and measures of particular types of motion (e.g., bending or twisting of particular image components) that are characteristic to a given shape or surface feature. Multiple measures used concurrently can further distinguish shape classes.
It is well known from structural biology that the very lowest-frequency nontrivial modes (typically around modes 7-10) contribute the most to the native motion by reflecting global geometry and connectivity. Higher-frequency modes reflect smaller differences in structure than their lowfrequency counterparts. Analyzing the intermediate and higher frequencies is therefore useful for exploring more modest disparities in shape, which can be important radiologically.
Thus, normal modes examined should be high enough to study the particular differences in shape that are of interest. On the other hand, the modes should not be too high, in which case they would reflect size features smaller than those being studied. The window of appropriate modes needs to be adjusted depending on the system one is studying.
NMA-SD is invariant to rotation and translation, given that only the internal pseudomolecular geometry and pseudobonding factor into predicted motions. It is also scale invariant, because the pseudobond cutoff distance can be adjusted to mirror the overall scale.
An important limitation of the method is its time of computation. This will in general depend on a host of factors including the particular implementation of NMA that one is using. For the system studied here, NMA wall-clock time ranges from around 25-65 s for a nodule. For the simple classification task of the present work, many shape descriptors would perform the task in a much shorter amount of time.
A significant advantage of NMA-SD is the ability to visualize normal modes and thereby gain insight into meaningful motions, the latter reflecting key structural themes. Such insights can guide the selection of appropriate features that will allow effective partitioning into classes of interest. Widely available programs such as Modehunter with VMD, CHARMM, and AMBER [28, [30] [31] [32] greatly enhance visualization via normal mode animations. These animations can allow users to visualize pseudomolecular movements, which provide an intuitive route to identifying key structural elements that distinguish different shapes. The insights thus obtained can also help to uncover appropriate features in faster shape classifiers.
Future work will involve computing normal modes and finding appropriate features of the resulting motion for other systems of interest. One potentially useful tool may be the Bend-Twist-Stretch method, which is able to animate any given connected graph [28] .
